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ABSTRACT

This research is aimed to increase the production rate of CGTase from Bacillus stearothermophilus HR1 by optimizing the fermentation variables.  Initial screening of temperature, pH and agitation speed is determined using a 2-level full factorial design by Design Expert Ver. 6.0.4 (StatEase, USA).  Results indicated that temperature is least significant in CGTase production although it affects the lag time and exponential phase of bacterial growth.  Thus, bacterial growth curves and enzyme production have been plotted to determine the best temperature for CGTase production.  The temperature of 55oC has been chosen since production of CGTase was found to be highest at 10.41 U/ml after 24 hours of incubation compared to 37oC, 45oC, 50oC and 60oC.  No lag phase was observed and a reasonable exponential phase of 8 hours is recorded.  The maximum specific growth rate, max is 0.2798 hr-1 and the product yield, YP/X is 14.59 mg CGTase/g dry cell.    
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1.0 INTRODUCTION

Cyclodextrins (CDs) are oligosaccharide rings comprising -1, 4-linked glucopyranose residues.  Cyclodextrins are also known as cycloamyloses and Schardinger Dextrins.  The most common types of CDs are made up of 6, 7 or 8 molecules and are identified as -, - and -cyclodextrins respectively.  CD molecules are torus-shaped structures with hydrophilic hydroxyl groups as the exterior and hydrophobic C-H groups and glycosidic oxygen as the interior cavity.  In the recent years, the usage of CDs has received great attention, especially in the food, pharmaceutical, chemical, cosmetic as well as the agricultural industries.  This is because CDs are able to form inclusion complexes with a wide variety of guest molecules, either organic or inorganic, without changing the properties of the guest molecule.  CDs are also able to stabilize labile materials, mask off odours, emulsify oils and change viscous or oily compounds into powder.  

In general, CDs are products of starch degradation by Cyclodextrin glucanotransferase (CGTase; EC 2.4.1.19), a type of extracellular enzyme excreted by bacteria.  Many types of bacteria have been identified as producing CGTase at different rate and condition.  All CGTase produced are mixtures of -, - and -cyclodextrins; their proportion being characteristic of the individual enzymes.  CGTase producers can be found in various places such as soil, waste, plantation, hot springs and even deep-sea mud (Georganta et al, 1993).  Some known CGTase producers are Bacillus macerans (Kim et al, 2000), Bacillus circulans (Bovetto et al, 1992), Bacillus lentus (Sabioni et al, 1992), Bacillus firmus (Goel et al, 1995), Bacillus stearothermophilus (Kavaibanova et al, 1999), Bacillus coagulans (Akimaru et al, 1991), Klebsiella oxytoca (Lee et al, 1992), Klebsiella pneumonia (Gawande et al, 2001), etc.  Of course, there are still many species of unknown microorganisms that might produce CGTase which leaves much to be explored.  Of the three main types of CDs produced, -CD is more widely used and developed for applications.  Owing to its low solubility in water, -CD is readily separated from the reaction mixture without any treatment with organic solvents and its inclusion complexes can be easily prepared.  Enzymes capable of producing predominantly producing a particular type of CD can reduce subsequent purification costs and hence are commercially desired.  Therefore, efforts are focused on finding suitable CGTase producers for efficient production of -CD.

In this paper, the growth kinetics of CGTase producer Bacillus stearothermophilus strain HR1 utilizing sago starch in shake flasks was studied to obtain the maximum specific growth rate, max and product yield, YP/X.  Variables like temperature, pH and agitation were studied in shake flasks and results were analyzed using a two-level full factorial experimental design.  This allows for the determination of the main variables influencing CGTase production.  

2.0 MATERIALS AND METHODS

Sago starch was obtained from a local supplier.  Soluble starch was from GCE.  Phenolphthalein, CaCl2.2H2O, K2HPO4 were purchased from Merck.  Peptone from casein was from Sigma.  All of the other chemicals used were of analytical grade.  

2.1 Culture Conditions for CGTase Production

Bacillus stearothermophilus HR1 was grown in 20ml of optimized medium with the composition of 1.602% (w/v) sago starch, 2.0% (w/v) peptone from casein, 0.14% (w/v) K2HPO4 and 0.02% (w/v) CaCl2.2H2O with initial pH 7.54 in a 250ml conical flask. The culture was incubated at 50(C with shaking at 200rpm for 18 hours. The cells were then centrifuged at 5000 rpm for 5 minutes, washed once with normal saline solution to give an optical density (OD) reading of 0.5 at 550nm.  Ten percent (v/v) of the bacteria inoculum was inoculated into 100 ml of medium in a 500 ml conical flask. The culture was incubated at 50(C for 48 hours in an orbital shaker at 200 rpm. Samples were harvested every 2 hours for the first 24 hours and every 4 hours for the next 24 hours.  After the incubation, the bacterial cells were separated by centrifuging at 5000 rpm for 2 minutes and the clear supernatant was used as crude enzyme.

2.2 CGTase Assay

Activity of the CGTase was measured according to the method by Kaneko et. al (1987). Reaction mixture containing 40 mg of soluble starch in 1.0 ml of 0.1M sodium phosphate buffer (pH 6.0) and 0.5 ml of CGTase solution was incubated at 90(C for 10 minutes.  The reaction was stopped by adding 30 ml of 30 mM NaOH and 0.5 ml of 0.02% (w/v) phenolphthalein in 5 mM Na2CO3 solution. After standing at room temperature for 15 minutes, the colour intensity was then measured at 550 nm. Blanks lacking the enzyme were run with each batch of assays.  Standard curve using 0.5 mg of -CD (Fluka) and 0.5 ml water to replace soluble starch and crude enzyme, respectively was plotted.  One unit of enzyme activity was defined as the amount of enzyme that forms 1 mmol of (-CD per min. 

2.3 Dry Cell Weight Determination

The cell mass concentration (dry weight) was determined by two different methods for samples taken when starch was still present and after starch was depleted from the culture. When starch was still present in the culture, 0.1 ml enzyme -amylase (Novo Nordisk) was used to hydrolyse the residue starch contained in 1 ml of the culture to soluble sugars (Madihah et al., 2001).  The mixture was incubated at 100oC for 20 minutes and centrifuged at 3000 rpm for 30 minutes.  The supernatant was decanted and the cells filtered onto pre-weighted 0.2 m cellulose nitrate filter (Whatman), washed twice with distilled water and dried in an oven at 95oC for 24 hours.  Fresh medium treated similarly was used as blank for reduction of starch impurities in the sample.

After starch was depleted, the biomass was measured by taking sample (1 ml) and centrifuged at 5000 rpm for 5 minutes in a microcentrifuge. The cell pellet was washed twice with saline solution and dried in vacuum drier and after that in the oven at 80 (C to constant weight. 

2.4 Starch Concentration Determination

Starch concentration determination in samples was carried out according to the method of Kitahata et al., 1974.  1.0 ml of supernatant was mixed with 4 ml of 0.01M iodine in 0.25 M potassium iodide and diluted with 15 ml of distilled water.  Colour intensity was measured at 465 nm against blank of distilled water treated in the manner above.  The starch in culture filtrate was quantified according to standard curve of starch between 0 – 3.5 mg/ml.

2.5 Protein Assay


Protein content was determined according to Modified Lowry Protein Assay (Pierce).
2.6 Glucose Determination
Glucose determination was calculated using the Glucose Trinder Kit from Sigma.  Standard methods are available on the kit.
2.7 Experimental Design

Experimental design was determined based on the established method (Haaland P. D., 1989 and Montgomery D. C., 1991).  The effect of temperature, pH and agitation speed was studied using 2 level factorial designs.  Initial screening was performed using a 23 full factorial central composite design for these 3 independent variables, leading to a total 8 sets of experiments.  Enzyme activity was assayed at 24 and 48 hours.  
The coded values for different variables are shown in Table 2.1 and the design matrix chosen for the initial study are shown in the Table 2.2.  Response surface plots were generated by Design Expert (StatEase, USA, Ver. 6.0.4) software.

Table 2.1: Coded values of design parameters for initial screening

	Variables
	Unit
	Actual Value
	Coded Value

	
	
	High
	Low
	High
	Low

	Temperature
	oC
	60 
	37 
	1
	-1

	pH
	-
	9.0 
	4.0 
	1
	-1

	rpm
	-
	250
	150 
	1
	-1


Table 2.2: 23 full factorial central composite experimental design for initial screening

	Standard Run
	A: temperature
	B: pH
	C: rpm

	1
	-1
	-1
	-1

	2
	  1
	-1
	-1

	3
	-1
	 1
	-1

	4
	  1
	 1
	-1

	5
	-1
	-1
	 1

	6
	  1
	-1
	 1

	7
	-1
	 1
	 1

	8
	  1
	 1
	 1


3.0 RESULTS AND DISCUSSION

3.1 Batch Culture Profile

A lag phase of two hours was observed at the beginning of the cell growth (Fig. 3.1).  The maximum growth was reached after 8 hours of incubation and then the cells entered the stationary phase.  The enzyme production started after 2 hours of incubation, which was 4 hours faster than what was observed by Roshanida (2002).  Maximum enzyme production of 10.37 U/ml was achieved only after 10 hours of incubation.  The activity more or less stabilise out for the rest of the time of fermentation.  
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Fig. 3.1: Growth and enzyme production of thermophilic HR1 at 50oC

The maximum specific growth rate, max of B. stearothermophilus HR1 was calculated to be 0.2906 hr-1 with a doubling time, td of 2.39 hour.  Madigan et al. (1997) stated that normal doubling time for bacterias is between 1 to 3 hours.  The product yield, YP/S was 7.297 mg CGTase/ g starch or YP/X, 13.42 mg CGTase/ g dry cell.  The biomass yield, YX/S was 0.581 g dry cell/ g starch.  Specific activity at 24 hours was 3.21 U/mg and the highest specific activity was at 10 hours with 3.50 U/mg.  Starch was rapidly depleted within 8 hours.  An interesting trend here is that as soon as starch was depleted, the cell will reach its maximum weight and followed by maximum enzyme activity 2 hours later.  It is also noticeable that glucose was only detected two hours before starch was depleted.  

The pH of the culture reduced from pH7.54 at the beginning to pH5.35 at the end of the incubation.  Roshanida (2002) also noted a pH reduction from 7.2 to 5.2.  The same reduction of pH from 6.5 to 5.0 during CGTase production was also demonstrated in the study made by Jin-Bong et al. (1990) using Bacillus stearothermophilus.  Therefore, it was suggested that substantial amount of acids were produced during growth.  

3.2 Screening Experiment

The screening experiment was conducted in a randomized order to avoid systematic bias.    Interpretation of results was based on analysis carried out using Design Expert (StatEase, USA, Ver. 6.0.4) software.  
Table 3.1: Analysis of variance table [Partial sum of squares]

	Source
	Sum of 

squares
	Degrees of Freedom
	Mean square
	F value
	Probability > F
	

	Model
	167.58
	6
	27.93
	562.97
	0.0323
	significant

	A
	0.019
	1
	0.019
	0.38
	0.6471
	

	B
	165.71
	1
	165.71
	3340.11
	0.0110
	

	C
	0.89
	1
	0.89
	17.96
	0.1475
	

	AB
	0.019
	1
	0.019
	0.38
	0.6471
	

	AC
	0.050
	1
	0.050
	1.00
	0.5000
	

	BC
	0.89
	1
	0.89
	17.96
	0.1475
	

	Residual
	0.050
	1
	0.050
	
	
	

	Correlation Total
	167.63
	7
	
	
	
	



The Model F-value of 562.97 implies the model is significant with a probability of 0.0323 (Table 3.1).  Since values of “Prob > F less than 0.0500 indicate model terms are significant”, this implies that the model for the screening experiment was successful.  
The observed enzyme activity was correlated with experimental variables as follows: 

Enzyme activity @ 24 hrs  = -7.76057 - 0.034174 x temperature + 2.27226 x pH + 4.03761 x 10-3 x  




rpm +  1.69565 x 10-3 x temperature x pH + 1.36957 x 10-4 x temperature x rpm - 2.67000 x 10-3 x pH x rpm 


       (2)

For this equation, the regression coefficient (R) value was 0.9997, the R2 was 0.9997, the standard deviation (SD) was 0.22, the adjusted R2 was 0.9979 and the predicted R2 was 0.9811.  The predicted R2 of 0.9811 is in reasonable agreement with the adjusted R2 of 0.9979.  The values of R2, adjusted R2 and the predicted R2 were close enough to convince us that this model is representative of the screening process.  The R2 value confirmed that the variability in the enzyme activity could be associated to the experimental factors to the extent of 99.97%.
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	Fig. 3.2: Half normal plot of screening process




In view of the results from the screening experiments, pH (factor B), rpm (factor C) and interaction between these two factors (BC) were significant in CGTase production as can be seen in Fig. 3.2.  These three factors were not on the straight line plotted, which means that they affect CGTase production.  Instead, temperature (factor A) did not have a major effect on enzyme production since it is plotted on the line.  Cultures were next incubated at 37oC, 45 oC, 50 oC, 55oC and 60 oC.  It was discovered that enzyme activity was highest at 55 oC.  The temperature of 55oC has been chosen since production of CGTase was found to be highest at 10.41 U/ml after 24 hours of incubation compared to 37oC (9.97 U/ml), 45oC (10.08 U/ml), 50oC (10.37 U/ml) and 60oC(9.88 U/ml).  No lag phase was observed and a reasonable exponential phase of 8 hours is recorded.  The maximum specific growth rate, max is 0.2798 hr-1 and the product yield, YP/X is 14.59 mg CGTase/g dry cell.  Hence for future optimization, temperature can be set at 55 oC.

4.0 CONCLUSION

Batch cultures of Bacillus stearothermophilus HR1 was investigated and initial screening process was carried out for the optimization of CGTase production.  Maximum enzyme activity was 10.37 U/ml, maximum specific growth rate, max was 0.2906 hr-1 with a doubling time, td, of 2.39 hour, product yields were as follow: YP/X = 13.42 mg CGTase/g dry cell, YP/S = 7.297 mg CGTase/g starch, YX/S = 0.581 g dry cell/g starch.  From the screening process, it was found that only pH and rpm have major effects on the enzyme production.  The optimal temperature for CGTase production was found to be 55 oC.  Thus future optimization will only take the two factors, i.e. pH and rpm, into consideration.
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summary

		NAME				Wong Tien Ee

		DATE				4-Feb-02

		COND				Temp		50		oC				Agitation		200		rpm		pH		7.54

		WASH CELL				13		tubes for		60		ml

		No.		t		OD		pH		Biomass		Kaneko Method										Fuwa Method (Dextrinizing)								Protein Assay						Starch Concentration

												Ctrl.		OD1		OD2		%D		Act		Ctrl		OD1		OD2		Act		OD		mg/mL		Spec Act		OD1		OD2		[S]

										g/L										U/ml								U/ml						U/mg						g/L

		1		0		0.001		7.56		1.15								0.00		0		0.654		0.668		0.666		0		1.118		2883.45		0.00						16.02

		1		2		0.005		7.54		1.3								5.66		0.8390676844		0.653		0.636		0.641		1.45		1.126		2910.61		0.29						11.6170670491

		1		4		-0.126		7.50		2.05								10.91		1.6171214651		0.654		0.591		0.593		6.2		1.168		3055.90		0.53						9.4926496952

		1		6		-0.195		7.49		5.8								27.01		4.0033471655		0.654		0.503		0.512		14.65		1.126		2910.61		1.38						7.6102545715

		1		8		0.643		5.63		9.95								54.17		8.028107864		0.654		0.306		0.311		34.55		1.121		2893.62		2.77						0

		2		10		0.629		5.42		9.9								69.64		10.3207755656		0.654		0.32		0.322		33.3		1.137		2948.21		3.50						0

		2		12		0.329		5.23		9.9								69.76		10.338095503		0.653		0.31		0.31		34.3		1.189		3130.36		3.30						0

		2		14		0.181		5.23		9.9								69.82		10.3466937527		0.653		0.3		0.302		35.2		1.158		3020.88		3.43						0

		2		16		0.037		5.26		10.1								69.82		10.346257877		0.653		0.332		0.331		32.15		1.15		2993.06		3.46						0

		2		18		0.476		5.27		9.9								69.08		10.2379275531		0.653		0.338		0.338		31.5		1.199		3166.27		3.23						0

		3		20		0.379		5.26		10								69.97		10.3686985434		0.653		0.334		0.334		31.9		1.156		3013.91		3.44						0

		3		22		0.625		5.38		10								68.52		10.1545570813		0.652		0.329		0.329		32.3		1.179		3094.75		3.28						0

		3		24		0.693		5.23		9.9								69.11		10.2420835238		0.653		0.334		0.333		31.95		1.205		3187.95		3.21						0

		3		28		0.737		5.21		9.95								68.39		10.1348939508		0.651		0.329		0.331		32.1		1.154		3006.95		3.37						0

		3		32		0.955		5.30		9.95								68.21		10.1078216002		0.651		0.333		0.337		31.6		1.293		3519.58		2.87						0

		4		36		0.464		5.25		9.85								69.50		10.2991207365		0.651		0.331		0.339		31.6		1.196		3155.46		3.26						0

		4		40		0.95		5.24		9.65								69.76		10.3375830246		0.651		0.337		0.34		31.25		1.223		3253.68		3.18						0

		4		44		1.01		5.25		10								69.92		10.3621184273		0.651		0.339		0.338		31.25		1.299		3543.20		2.92						0

		4		48		1.014		5.35		9.85								69.09		10.2394414136		0.651		0.34		0.34		31.1		1.301		3551.11		2.88						0

												Std curve: y = 118.91 x																								Std curve: OD = 0.5578x
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								Dry Biomass

								Date		2/4/02												Set B

								Time		Wo		Wf		DW		Ave W		OD				Time		Wo		Wf		DW		Ave W		OD

								Ctrl1		0.1469		0.1588		0.0119		0.01005						Ctrl1						0		0

										0.123		0.1312		0.0082														0

		minus the						0		0.1142		0.1246		0.0104		0.0011						0						0.0000		-0.0101

		impurities!!!!								0.1302		0.1422		0.0120														0.0000

								2		0.1198		0.1306		0.0108		0.0013						2						0.0000		-0.0101

										0.1446		0.1565		0.0119														0.0000

								4		0.1187		0.1330		0.0143		0.0021						4						0.0000		-0.0101

										0.1221		0.1320		0.0099														0.0000

								6		0.1411		0.1605		0.0194		0.0058						6						0.0000		0.0000

										0.1310		0.1433		0.0123														0.0000

		no starch						8		0.1343		0.1442		0.0099		0.0100						8						0.0000		0.0000

										0.1192		0.1292		0.0100														0.0000

								10		0.1249		0.1349		0.0100		0.0099						10						0.0000		0.0000

										0.1200		0.1298		0.0098														0.0000

								12		0.1167		0.1266		0.0099		0.0099						12						0.0000		0.0000

										0.1234		0.1333		0.0099														0.0000

								14		0.1230		0.1328		0.0098		0.0099						14						0.0000		0.0000

										0.1128		0.1228		0.0100														0.0000

								16		0.1315		0.1418		0.0103		0.0101						16						0.0000		0.0000

										0.1210		0.1309		0.0099														0.0000

								18		0.2040		0.2139		0.0099		0.0099						18						0.0000		0.0000

										0.1120		0.1219		0.0099														0.0000

								20		0.1411		0.1511		0.0100		0.0100						20						0.0000		0.0000

										0.1286		0.1386		0.0100														0.0000

								22		0.1325		0.1424		0.0099		0.0100						22						0.0000		0.0000

										0.1533		0.1634		0.0101														0.0000

								24		0.2047		0.2145		0.0098		0.0099						24						0.0000		0.0000

										0.1592		0.1692		0.0100														0.0000

								28		0.1271		0.1371		0.0100		0.0100						28						0.0000		0.0000

										0.1220		0.1319		0.0099														0.0000

								32		0.1253		0.1354		0.0101		0.0100						32						0.0000		0.0000

										0.1042		0.1140		0.0098														0.0000

								36		0.1137		0.1235		0.0098		0.0099						36						0.0000		0.0000

										0.1560		0.1659		0.0099														0.0000

								40		0.1075		0.1175		0.0100		0.0097						40						0.0000		0.0000

										0.1146		0.1239		0.0093														0.0000

								44		0.1345		0.1444		0.0099		0.0100						44						0.0000		0.0000

										0.1315		0.1416		0.0101														0.0000

								48		0.1303		0.1402		0.0099		0.0099						48						0.0000		0.0000

										0.1418		0.1516		0.0098														0.0000

										A		B		ave		OD								A		B		ave		OD

								0		0.0004		0.0019		1.1500		0.001						0		0.0000		0.0000		-0.0101

								2		0.0007		0.0018		1.3000		0.005						2		0.0000		0.0000		-0.0101

								4		0.0043		-0.0001		2.0500		-0.126						4		0.0000		0.0000		-0.0101

								6		0.0094		0.0023		5.8000		-0.195						6		0.0000		0.0000		0.0000

								8		-0.0002		-0.0000		9.9500		0.643						8		0.0000		0.0000		0.0000

								10		-0.0001		-0.0003		9.9000		0.629						10		0.0000		0.0000		0.0000

								12		-0.0002		-0.0001		9.9000		0.329						12		0.0000		0.0000		0.0000

								14		-0.0003		-0.0000		9.9000		0.181						14		0.0000		0.0000		0.0000

								16		0.0003		-0.0002		10.1000		0.037						16		0.0000		0.0000		0.0000

								18		-0.0001		-0.0002		9.9000		0.476						18		0.0000		0.0000		0.0000

								20		0.0100		0.0100		10.0000		0.379						20		0.0000		0.0000		0.0000

								22		-0.0002		0.0000		10.0000		0.625						22		0.0000		0.0000		0.0000

								24		-0.0003		-0.0001		9.9000		0.693						24		0.0000		0.0000		0.0000

								28		-0.0000		-0.0002		9.9500		0.737						28		0.0000		0.0000		0.0000

								32		0.0000		-0.0003		9.9500		0.955						32		0.0000		0.0000		0.0000

								36		-0.0003		-0.0002		9.8500		0.464						36		0.0000		0.0000		0.0000

								40		-0.0001		-0.0008		9.6500		0.95						40		0.0000		0.0000		0.0000

								44		-0.0002		0.0000		10.0000		1.01						44		0.0000		0.0000		0.0000

								48		-0.0002		-0.0003		9.8500		1.014						48		0.0000		0.0000		0.0000

								exp		0 hr to 8 hr

								spec growth rate

										0.2906		hr-1

		td =						2.3847212663		hr

		Yx/s =						0.5493133583		g dry cell / g starch

		Yp/s =						7.2968177502		mg CGTase / g starch

		Yp/x =						13.4362092366		mg CGTase / g dry cell
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average

		Kaneko

				1										2										3										Avg

				ctrl		OD1		OD2		%D				ctrl		OD1		OD2		%D				ctrl		OD1		OD2		%D

		0		0.4		0.302		0.303		24.375				0.398		0.341		0.337		14.824120603				0.397		0.456		0.454		-14.6095717884				8.1965162715				0.00

		2		0.399		0.377		0.375		5.7644110276				0.397		0.373		0.371		6.2972292191				0.396		0.377		0.376		4.9242424242				5.66				2.63

		4		0.399		0.352		0.354		11.5288220551				0.397		0.351		0.352		11.4609571788				0.395		0.356		0.357		9.746835443				10.91				21.37

		6		0.398		0.289		0.288		27.5125628141				0.396		0.28		0.278		29.5454545455				0.394		0.3		0.299		23.9847715736				27.01				38.72

		8		0.385		0.195		0.194		49.4805194805				0.441		0.19		0.194		56.462585034				0.441		0.189		0.194		56.5759637188				54.17				60.68

		10		0.385		0.11		0.118		70.3896103896				0.384		0.119		0.117		69.2708333333				0.384		0.119		0.117		69.2708333333				69.64				65.21		10

		12		0.386		0.123		0.125		67.8756476684				0.384		0.11		0.112		71.09375				0.384		0.113		0.115		70.3125				69.76				67.98

		14		0.386		0.116		0.114		70.207253886				0.386		0.117		0.116		69.8186528497				0.386		0.117		0.119		69.4300518135				69.82				70.48

		16		0.295		0.081		0.081		72.5423728814				0.294		0.092		0.092		68.7074829932				0.294		0.095		0.092		68.1972789116				69.82				71.31

		18		0.295		0.097		0.096		67.2881355932				0.294		0.087		0.089		70.0680272109				0.294		0.087		0.09		69.8979591837				69.08				70.12

		20		0.294		0.085		0.086		70.9183673469				0.295		0.089		0.091		69.4915254237				0.295		0.089		0.091		69.4915254237				69.97				71.37

		22		0.294		0.09		0.092		69.0476190476				0.293		0.091		0.1		67.4061433447				0.293		0.09		0.091		69.1126279863				68.52				72.04

		24		0.235		0.07		0.072		69.7872340426				0.245		0.081		0.083		66.5306122449				0.245		0.07		0.072		71.0204081633				69.11				70.23

		28		0.235		0.075		0.075		68.085106383				0.243		0.077		0.08		67.695473251				0.245		0.075		0.075		69.387755102				68.39				71.58

		32		0.234		0.076		0.075		67.735042735				0.244		0.076		0.078		68.4426229508				0.244		0.076		0.078		68.4426229508				68.21				72.35

		36		0.233		0.068		0.068		70.8154506438				0.234		0.067		0.068		71.1538461538				0.233		0.078		0.078		66.5236051502				69.50				73.18

		40		0.302		0.091		0.092		69.701986755				0.302		0.09		0.092		69.8675496689				0.302		0.091		0.092		69.701986755				69.76				71.51

		44		0.302		0.09		0.091		70.0331125828				0.302		0.089		0.088		70.6953642384				0.302		0.092		0.095		69.0397350993				69.92				73.80

		48		0.302		0.096		0.097		68.0463576159				0.302		0.093		0.092		69.3708609272				0.302		0.09		0.092		69.8675496689				69.09				74.49

		Starch																																		s

				1

				OD1		OD2		[S]						OD1		OD2		[S]						OD1		OD2		[S]

		0		0.779		0.778		13.9566152743						0.779		0.778		13.9566152743						0.779		0.778		13.9566152743						13.96

		2		0.648		0.648		11.6170670491						0.648		0.648		11.6170670491						0.648		0.648		11.6170670491						11.62

		4		0.536		0.523		9.4926496952						0.536		0.523		9.4926496952						0.536		0.523		9.4926496952						9.49

		6		0.426		0.423		7.6102545715						0.426		0.423		7.6102545715						0.426		0.423		7.6102545715						7.61

		8						0										0										0						0.00

		10																																0.00

		12																																0.00

		14																																0.00

		16																																0

		18																																0

		20																																0

		22																																0

		24																																0

		28																																0

		32																																0

		36																																0

		40																																0

		44																																0

		48																																0

		Glucose

				OD1		OD2		OD3		[ ], g/L

		0		-0.002		-0.006		-0.018		0

		2		-0.008		-0.004		-0.001		0

		4		-0.024		-0.004		-0.001		0

		6		-0.024		-0.007		-0.006		0

		8		0.047		0.029		0.05		0.546875

		10		0.058		0.055		0.054		0.7248263889

		12		0.043		0.069		0.055		0.7248263889

		14		0.026		0.065		0.069		0.6944444444

		16		0.075		0.08		0.169		1.40625

		18		0.064		0.112		0.198		1.6232638889

		20		0.208		0.121		0.262		2.5651041667

		22		0.268		0.151		0.237		2.8472222222

		24		0.262		0.226		0.308		3.4548611111

		28		0.438		0.319		0.375		4.9131944444

		32		0.367		0.273		0.371		4.3880208333

		36		0.508		0.213		0.42		4.9522569444

		40		0.504		0.448		0.504		6.3194444444

		44		0.443		0.234				4.4075520833

		48		0.533		0.375		0.471		5.9852430556





alpha

		t		X (g/L)		%D		P (mg/ml)		S (g/L)

		0		1.15		0.00		0.00		16.02

		2		1.3		5.66		9.52		11.62

		4		2.05		10.91		18.35		9.49

		6		5.8		27.01		45.44		7.61

		8		9.95		54.17		91.12		0.00

		10		9.9		69.64		117.14		0.00

		12		9.9		69.76		117.34		0.00

		14		9.9		69.82		117.43		0.00

		16		10.1		69.82		117.43		0.00

		18		9.9		69.08		116.20		0.00

		20		10		69.97		117.68		0.00

		22		10		68.52		115.25		0.00

		24		9.9		69.11		116.25		0.00

		28		9.95		68.39		115.03		0.00

		32		9.95		68.21		114.72		0.00

		36		9.85		69.50		116.90		0.00

		40		9.65		69.76		117.33		0.00

		44		10		69.92		117.61		0.00

		48		9.85		69.09		116.22		0.00

		Specific rate of product formation, a & b

		t		X		X1		X2		dt		dX/dt		P1		P2		dt		dP/dt		1/X dPdt		1/X dX/dt

		0		1.15		0.65		2		4		0.3375		0		21		4		5.25		4.5652173913		0.2934782609

		2		1.30		0.65		1.8		4		0.2875		0		18		4		4.5		3.4615384615		0.2211538462

		4		2.05		0.8		3.2		4		0.6		0		36		4		9		4.3902439024		0.2926829268

		6		5.80		2.6		8.6		4		1.5		7		82		4		18.75		3.2327586207		0.2586206897

		8		9.95		8.8		11		4		0.55		59		120		4		15.25		1.5326633166		0.0552763819

																						0		0

																						0		0
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